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1. A B S T RAe T
In this report the behavior of the individual components of
bolted or riveted joints is discussed. General stress-strain relationships
are developed for a plate with holes in the elastic range and beyond. The
relationships are applicable to low alloy, low carbon steels such as A7,
A36, A242, A440, and A44l. They are able to accommodate various specimen
geometries. The analytical models are compared with experimental 'results
and show good agreement.
In addition, a load-deformation relationship is developed for
mechanical fasteners in shear. The shape of the curve was observed to be
governed by the ultimate shear strength and two empirical parameters. -The
analytical model for the shear-deformation relationship of mechanical
fasteners was in excellent agreement with the test data.
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2. I N TROD U C T ION
Several theoretical studies of the load partition in riveted and
(1 2 3 4)bolted joints in and beyond the elastic range were reported recently , " .
Solutions were achieved by establishing the relationship between deforma-
tion and load for the joint components throughout the elastic and in-
elastic regions.
Both Francis (1) and Rumpf(2) used actual load-deformation curves
derived from tests of specimens which simulated components of the specimen
proper. However, this approach has seriqus drawbacks. The semi-graphical
construction used by Francis and Rumpf is convenient only for the analysis
of short joints. Analysis of longer joints is extremely tedious' and time-
consuming, if not impossible. In addition, it is necessary to establish
load-deformation curves for each geometrical specimen considered by test-
ing plate specimens.
A more efficient means of solution was sought. It was con-
sidered desirable to develop analytical expressions to describe the load-
deformation relationships of the component parts. These were intended to
be adaptable to different material properties and geometric configurations.
Such expressions would provide a means 'of extrapolating and interpolating
to various geometric forms without requiring the extensive testing neces-
sary with the previous method.
This report describes tests of the component parts of joints and
the development of suitable mathematical models which can predict the load-
deformation characteristics of the component parts. The study is confined
to low alloy, low carbon steels such as A7, A36, A242, A440, or A441.
-2-
Although the mechanical fasteners considered are primarily A325 high-
strength bolts, Al41 steel rivets and A490 high-strength bolts are also
·studied.
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3. TEN S I L E S T RES S - S T· R A I N R E' L A T ION S HIP S
FOR PLATES W I. T H H 0 L E S
1. PLATES IN TENSION
Any plate with one or more fastener holes in an integral part of
a mechanically-fastened joint. As was noted in the introduction, the load
partition and strength of any such joint can be determined only if the
load-deformation relationships of the fasteners and plates are known.
These relationships must be determined experimentally.
The "standard plate calibration coupon" which yields the load-
deformation relationship for the connected plate is shown in·Fig. 1. The
plate calibration ~oupon should be cut from the same material as the test
connections. Its geometrical properties should be similar: the thickness,
gage, pitch, and hole diameter must be the same as those of the test or
prototype connections."
If a ductile polycrystall~nemetal bar is loaded continuously
and the resulting stresses are plotted as a function of the strain, the
characteristic stress-strain as a function of the strain, the character-
"kistic stress-strain relationship shown in Fig. 2 is observed. This curve
is characteristic of most structural steels. The material first stretches
elastically until the load reaches a value at which permanent deformations
start to develop. After a short transition curve from the elastic to the
plastic range of strains, a relatively flat plateau is reached during
which the bar continues to stretch without any appreciable change in load.
When the strain is about ten times the yield strain the material begins to'
* The data is plotted to two different longitudinal scales to more clearly
describe the behavior in the plastic regipn.
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strain-harden and additional strain results in an increase in load. This
increase continues until the ultimate tensile strength is reached. There-
after, the material begins to neck and finally ruptures.
When the "standard plate calibration coupon" is loaded con-
tinuously and the average stresses at the net section are plotted as a
function of the average strain between the two holes, the stress-strain
relationship shown in Fig. 3 is observed. The average strain between the
two holes has been computed as the average change in length divided by the
pitch, p. Also shown are the points at which the average static yield
stress is reached on the net and gross sections.
The material first stretches elastically until the load reaches
a certain value at which permanent deformation starts to develop around
the holes. However, there is no yield plateau at which the material
stretches without an appreciable change in load as there is for the plain
bar. Strain-hardening begins almost immediately and additional strain is
accompanied by an increase in load. This continues until the ultimate ten-
sile strength of the material is reached at the net section. The specimen
has necked considerably at the net section and ruptures almost invariably
at the ultimate load. It can be seen that the yield plateau observed dur-
ing the test of the standard bar coupon over an 8 in. gage length did not
occur in the plate calibration coupon when yielding started at the net sec-
tion around the holes, and the plateau did not appear when the yield level
was reached in the gross secti6n.
That the presence of holes in a steel plate influences the
stress-strain relationship can be seen in the comparison in Fig. 4 of the
results of the "standard pla"te calibration coupon test" with the stress-
strain relationship of the standard flat bar coupon o Elastic studies have
shown that the effect of the stress concentration at the holes is not uni-
formly distributed around the hole but occurs at ~iscreet points on the
boundary of the hole(5) as shown schematically in.Fig. Sa. The contour
lines of radial stress computed according to elastic theory are shown. In
Fig. 5b the stresses perpendicular to line A-A are compared with the
stresses in the bar some distance from the hole o First yield begins at
the points of maximum stress concentration around the hole. As the tensile
stress is increased, yielding spreads and very soon tends to progress along
two comparatively narrow strips symmetrically situated with respect to the
axis of load and at angles of approximately 45 degrees with the direction
of the load(5,6) as shown schematically in Fig. 6. This type of behavior
has been observed in both A7 and A440 steel specimens a
For many pitches and gages, the yield· strips which form symmetri-
c~lly about adjacent holes will overlap as indicated in Fig. 6b and inter-
ference of the slip bands takes place. The photographs of typical yield
patterns shown in Fig. 7 clearly indicate that interferenc~ has occurred G
Because compatibility at grain boundaries is necessary, slip occurs in
several slip systems. This causes severe deformation of the crystal
lattice of each grain which results in the stress rising continuously.with
. . . (6)1ncreas~ng stra1n •
A number of investigators have developed analytical models for
the plain plate. Hollomon(7) developed an expression for the relationship
between true stress and natural stlrain. Nadai (8) proposed an analytical
expr~ssion for the conventional str~ss-strain curve for use in'studies of
plastic buckling. Later Ramberg and Osgood(9) suggested a slightly
different analytical expression. Unfortunately, none of these are suit-
Tb~
able for the "standard plate calibration coupon" because they are unable
to account for the variations in material properties or plate geometry nor
did they fit the test data.
The semi-graphical solution of Francis(l) and Rumpf(2) uses the
actual stress-strain relationship for the "standard plate calibration
coupon." Because the semi-graphical analysis of long joints is extremely
tedious and time-consuming, if not impossible, there is a need to develop
an analytical model which will describe the stress-strain behavior of the
coupon throughout the elastic and inelastic ranges. Ideally this model
should account for variations in both material properties and plate geo-
metry.
2. DESCRIPTION OF TESTS
The special plate calibration coupon tests were conducted by
· 1 f h .. 1 d· 1· .. (10,11)test~ng a pate 0 t e same materla use 1n arge JOlnts •
plates tested had a width equal to the gage distance g, a thickness t,
and two holes drilled a distance p on center as shown in Fig. 1. The ten-
sian-elongation data was recorded for the material with the distance bet-
ween tIle hole centers as gage length, which was equal to the pitch length
in large joints.
The test specimens, described in Table 1, were flame cut and
then milled to the desired width. The dimensions of each calibration
specimen are listed along with the measured ultimate tensile strength of
the plate and the tensile strength determined in the tests of standard bar
coupons. The A7 steel plates for specimens A7-1 to A7-6 were lO~ in. wide
universal mill strips of thickness varying from 9/16 in. to 7/8 in. All
strips were rolled from the same heat. The static yield points varied
-7-
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from 32.0 to 34.0 ksi and the ultimate tensile strengths from 63.5 to 65.3
ksi. A7 steel test specimens 7031 to 709le were cut from 24 x 1 in. uni-
versal mill plates rolled from the same heat. Their mean static yield
point was 28.2 ksi and the mean ultimate strength 60.0 ksi. A440 steel
test specimens PE4la to PEl6l were cut from 26 x 1 in. universal mill
plates rolled from the same heat. The mean static yield point was 43 ksi
and the mean ultimate strength 76 ksi. Additional details .of the standard
bar coupon tests are given in Refs. 10 and 11.
The specimens were tested in a 800,000 lb. screw-type testing
machine. In the elastic range the cross-head separation was 0.055 in.
per min., while in the inelastic range a speed of 0.40 in. per min. was
used. In the elastic range equal load increments were applied and the
elongation center-to-center of the holes was meaRured with a slide bar
extensometer. Strain increments were used in the inelastic range_ Elonga-
tions were measured on one edge of the specimen with the testing machine in
motion. When the desired strain increment was reached, the cross head
movement was stopped and the load was allowed to stabilize to a constant
value. Elongation measurements and changes in hole diameter were then
measured. This procedure was repeated until failure occurred.
3. DEVELOPMENT OF STRESS-STRAIN RELATIONSHIP
In order to establish the behavior of the plate element in a
bolted joint, the stress-strain relationship of the material was deter-
mined fr'om a "standard plate calibration coupon" as shown in Fig. 1. The
data from such a test is plotted in Fig. 3. The response of the plate
calibration coupon can be idealized as shown in ~ig. 8. Under initial
loading the material remains elastic and the strain increases linearly
-9-
with the applied stress.
The primary criterion in the choice of a suitable analytical
model to define the stress-strain relationship of the plate calibration
coupon is the degree of correlation between the observed test data and the
corresponding values calculated from the analytical expression. If possi-
ble, it is desirable to obtain a single general relationship which will
take into account all the physical and geometrical factors which influence
the stress-strain relationship. The major variables influencing the stress-
strain relationship of the plate calibration coupon are:
(1) the width or gage of the plate g,
(2) the hole diameter d,
(3 ) the spacing or pitch of adjacent holes p,
(4) the yield point of the coupon 0" ,
Y
(5 ) the ultimate tensile strength of the coupon au'
(6) the type of steel, and
(7) the speed of testing of the plate calibration coupon.
The ratio of the net plate area to the gross plate area,
governed by the first two variables g and d, influences the shape of the
stress-strain curve (see Fig. 3). In a plate having a large width g, the
hole, if small, will have little influence on the average stress-strain
relationship. However, with increasing plate width-g, the resistance to
necking is greater.
When the hole spacing p, the third variable, is close, inter-
ference occurs between the slip bands. As was pointed out earlier, this
will also influence the stress-strain curve. 'When the holes are placed
farther apart, their effect on the deformation occurring between the two
-10-
holes is probably lessened. Hence, the plate calibration coupon will
approach the behavior of the standard coupon without holes.
In a bolted or riveted joint, the first three variables, g, d,
and p, will be limited to practical ranges. Minimum gage and pitch
distances are usually specified. If not, a relative minimum can be esti-
mated from the dimensions of pitch and gage, which can be estimated from
practical considerations if they are not specified.
The fourth variable, the yield point of the plate calibration
coupon, is influenced by residual stresses and stress concentrations in
the vicinity of the holes which cause non-linearity in the plate calibra-
tion coupon before it reaches the yield point of the standard bar coupon.
The test data indicates that the point of deviation from linearity for the
plate calibration coupon is approximately equal to the static yield point
of the standard coupon test. Hence, the influence of residual stress, con-
centrations can be accounted for by using this lower yield value.
The ultimate strength of the perforated plates at the net sec-
tion, the fifth variable, is usually higher than the coupon ultimate
strength of the main plate. It is well known from early experimental work
that the ultimate strength of a cylindrical bar, having a short circum-
ferential groove is considerably higher than the ultimate strength of a
round bar because normal necking is prevented in the constricted portion(6).
It is to be expected that a flat plate having a hole will behave in a simi-
lar manner. The free lateral contraction which must accompany an axial
extension cannot develop and a higher ultimate strength results. This
behavior was reported in Ref. ·12 in work on riveted joints. It was found,
particularly at the smaller gage or rivet spacings, that the strength was
greater than. one would normally expect on the basis of the joint geometry.
The increase attributed to the "reinforcement" or bi~axial stress effect
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created ~Y the closely-spaced holes. As the gage is increased, this effect
is less noticeable. Additional information on this behavior is given in
Ref. 13 where the efficiency coefficient is discussed.
The type of steel, the sixth variable, is obviously important
and is related to the fourth and fifth variables. Two different grades of
steel, A7 and A440, were considered in this study. The ultimate strength
of the plate calibration coupon is compared in Fig. 9 with the mean ulti-
mate strength of the same material given by standard laboratory bar coupon
tests. The ratio of these strengths is greater with the A440 steel. In
general, the behavior of these test specimens was similar to the behavior
reported by other investigators (6,12) •
The seventh and last variable, the speed of testing, may also
influence the stress-strain relationship. The dynamic stress-strain
relationship was used because the analytical model was needed to aid in
predicting the ultimate strength of the bolted joints. Generally, the
bolted joints fail when load is being applied and thus the speed of test-
ing probably affects the test results.
The following assumptions were made in the development of a
suitable analytical relationship based in part upon the above-mentioned
factors:
(1) stress is proportional to strain when the strain is
less than the yield strain,
(2) the average computed elastic strain is based on the
gross section area,
(3) the deviation from linearity in the plate calibration
coupon can be approximated by considering the static
yield point of the standard bar coupon,
-12-
(4)
(5 )
(6)
the stress-strain relationship beyond the elastic limit is
based on the dynamic stress-strain"measurements of the
plate calibration coupon,
at € <e<e 1 ' the stress cr increases at a decreasingy u t
rate as the stress approaches the ultimate strength,
and
the average computed stress beyond the elastic limit
can be calculated using the initial net area as the
reference point.
4. A GENERAL STRESS-STRAIN RELATIONSHIP
Hooke's law applies for the initial elastic region and can be ex-
pressed as
er = eE (1)
where e<e and (Jy piAg
In the elastic range, the effect of holes on stretch can usually
be ignored(14). For loads in the elastic range, the washer or bolt head
and nut reinforce the lap plate in the area around the hole and serve as a
stress bypass. Because the net section area of the lap plate carries less
stress, longitudinal deformations in the vicinity of the hole are reduced(15).
Neglecting the non-uniformity of strain because of the holes, the average
strain between the holes is approximately
e
€ = p
p
= A E
g,
(2)
where p = pitch or distance between the centerline of holes,
A gross cross-sectional area,g
P load, and
e total deformation between the holes
This expression is applicable until yielding commences in the net section
area, at which time the stress is less than the yield point of the gross
area.
As yielding commences in the net section,of the plate, the
linear relationship between stress and strain is no longer valid. A re-
lationship must be developed that follows a path from B to C as in Fig. 8.
Furthermore, it should fit the boundary condition so that at
-13-
where
The following expression was selected:
{J = eE+K(l-e -Q'€)l3
y -
cr ~ average stress on the net area,
(3)
Q', ~,K empirical parameters,
e = base of natural' logarithm, and
e -e
t- y
€ = inelastic strain = €t-ey p
Equation 3 was selected after investi~ation of several other analytical
models, including those reported in Refs. 7, 8, and 9. \ This equation
exhibits the following characteristics:
(1) as the inelastic strain approaches zero, the stress
approaches the yield stress, cr , which is the limit of Eq. 1.y
(2) with appropriate values of Q' and ~, the term e- a €
approaches zero as the strain approaches the ~ltimate
strairi € 1
u t
(3) the equation satisfies the experimentally observed
behavior in that the stress cr increases at a decreas-
ing rate as the ultimate stress, IT 1 ' is approached.
u t
Taken together, Eqs. 1 and 3 describe the. complete relationship between
stress and strain from Point A to Point C in Fig. 8.
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5. EVALUATION OF THE PARAMETERS WHICH INFLUENCE THE STRESS STRAIN
RELATIONSHIP
For Eq. 3 to be, general and represent the stress-strain relation-
ship for steels of different yield points and ultimate strengths, it is to
be expected that the parametersCi, ~, and K may be functions of these
values. As was discussed earlier, other variables which may influence the
stress-strain relationship are the hole diameter and the gage or plate
width. In effect, they relate the net area at the hole to the gross plate
area.
The parameters a, ~, and K were initially evaluated by regres-
sian analysis. Equation 3 was first linearized as
-aelog a = log € E+logK+~log(l-e )y -
where
-Q:'€
= log y+~log(l-~ )
log Y = loge E+logKy
The least square normal equations that will minimize the sum of squared
residuals for N sets of data (values of stress and strain from the plate
calibration coupon) are:
-a€~logcr = Nlogy+~~log(l~~ )
-Cl'E: -Q'€ -a€ 2~(logcr)(log(l-e » = logy~log(l-e )+~~(log(l-e »
- - -
The coefficients log y and ~ were determined by simultaneous. solution of
(4)
(5)
(6)
Eqs. 5 and' 6. Several values of Q' were assumed for the analyses made with
the data from each plate calibration coupon. A comparison of the test data
for each coupon' (Fig. 10) indicates that this parameter will differ from
coupon to coupon. Because the parameter a~cannot be arrived at explicitly
from the regression analysis, it was necessary to repeat the analysis for
several values of a until the best correlation was obtained.
After obtaining the values of a, S, and K from the test data for
A7 and A4~O steel specimens with large differences in plate width, the
final analysis was made by evaluating these coefficients in terms of the
known boundary conditions.
The coefficient K was evaluated from the boundary condition at
e = €ult' IT = ault. Therefore, from Eq. 3
-15-
cr = (7)
which yields (J
u
(J +K
Y
(8)
Therefore K = cr -cr where cr = ultimate tensile strength at the
u y u
net section of a perforated plate and a = yield point at the net section.y
The parameter a which varied from plate to plate was finally
evaluated as a function of the geometry and material properties. It was
evaluated from the regression coefficient as
where
O! = (cr -a ) (--L)
u y g-d
g = the width of the specimen
d = the diameter of the hole.
(9)
The ratio gj(g-d) is in effect a ratio of the gross area to the net area,
and a could be written as (cr" -cr ) A /A •
u Y g n
The parameter ~ was found to be a constant common to all
materials and conditions. It was evaluated from the regression analysis
as
~= 3/2 (10)
The final general relationship for stress-strain applicable to
both A7 and A440 steel and various specimen geometries was found to have
the form:
-16-
3/2
a = a +(a -a )[l_e-(au-ay) (g/(g-d))e/PJy u y -
where
p = pitch or distance center to center of the holes
(11)
This equation is applicable for values
e = total deformation in the pitch after yielding
on net section
elp = e = plastic strain.p
For stresses lower than the yield point, Eq. 1 is applicable. Equation 11
takes into account variations in material properties (cr , cr ) and geometri-
u y
cal configuration of the plate calibration coupon (g, p, d).
6. COMPARISON OF THEORY AND EXPERIMENTAL DATA
The test data for the plate calibration specimens of different
thickness are plotted in Fig. 11. The load acting on the specimen is
plotted as a function of the measured elongations, e, from center to center
of the holes. Also shown in Fig. 11 are the computed load-deformation
curves based on Eqs. 1 and 11. The agreement between the computed and
experimental results clearly shows the applicability of the mathematical
models.
Equations land 11 are further compared with the test data for
several lin. A7 steel plate in Fig. 12. The average stress on the net
section is plotted as a function of the average strain .for the material
between the hole centers. Each plot corresponds to a different plate
calibration test. The principal difference between the different speci-
mens was the gage width g. Also shown in each plot is the static yield
point, cr , determined from the standard bar coupon tests. This value isy
reached at the net section (cr )net. In addition, the average stress on they
net section at which the static yield value is reached on the gross section
is indicated as (cr ) gross. The ~tandard coupon ultimate strength is indi-y
cated as (cr )coup. For all cases, the strength of the perforated plate
u
was higher than the coupon ultimate strength'. A direct comparison of
-17 -
these values is given in Table 1. The static yield point, a , was deter-y
mined from coupon tests as 28.2 ksi.
In the A7 steel tests d was maintained constant at 0.94 in. and
the thickness at 1 in. Gage g varied from 2.92 to 6.88 in. The theoreti-
cal line is in excellent agreement with the test data.
A similar comparison is made with A440 steel test data in Fig. 13.
The static yield point of the A440 material was 43.0 ksi. The gage g
varied from 3.32 to 6.94 in. and the hole diameter was again constant at
0.94 in. Again the computed line is in excellent agreement with the test
data.
In the comparisons made in Figs. 12 and 13, the pitch p was
constant at 3.5 in. A special series of tests performed for an earlier
study was used to evaluate the effect of pitch. The pitch p was varied
from 2.5 to 6 in. while the hole diameter and gage width were constant.
The computed lines are cumpared in Fig. 14 with the test data for the
2.5 in. and 6 in. pitch specimens. The agreement in all cases is good.
Figure 14 indicates that a "yield plateau" is approached as the
pitch between the holes is increased. Figure 15 is a schematic of the
elastic and initial plastic region for the plate calibration coupon. The
smooth transition curve between the initial yield on the net section,
-18-
(0 )net, and the onset of yielding on the gross section, (cr )gross, is toy' y
be expected as discussed earlier. For the larger pitches, the holes should
have a less influence on the average strain and one would expect a yield
plateau similar to those encountered with the standard bar coupon. As the
distance between adjacent holes is decreased, the slip line interference
will become more pronounced with. a consequent decrease in the length of
the yield plateau for the gross section area between the holes. An
examination of Fig. 14 indicates that this was the case.
4. SHE A R
FOR
D E FOR MAT ION
M E C HAN I CAL
R E L A T ION S HIP
F A S TEN E R S
1. THE BEHAVIOR OF MECHANICAL FASTENERS
In the development of load-deformation relationships for mech-
anical fasteners it is generally assumed that the deformation of the fas-
tener will involve the effects of shearing, bending, and bearing of the
fastener as well as the localized deformation of the main and lap plates.
If a single fastener joint is loaded as shown in Fig. 16, the
relative movement of points a and b is influenced by the shear, bending,
and bearing of the fastener. -Fig. 17 shows a deformed bolt illustrating
this behavior. The connected members will also deform and the relative
movement of a, and b, if measured at the edges of the plate, will be
greater as a result of the compression of the members behind the fastener.
For the elastic case, Coker has shown that the lon'gitudinal compressive
stress in the plate dies away at a distance of about twice the hole dia-
meter from the edge of the hole(16). Hence, the bearing deformations in
the plate are localized. In the side view of the joint they are indicated
by the dark edges. In measuring the relative movement of a and b, the de-
formation of the fastener and plate are combined because there is no rea-
son to separate them.
Two types of control tests can be conducted with coupons to
determine the load-deformation relationship. In one type the bolts are
subjected to double shear by plates loaded in tension as indicated in
Fig. 18. In the other control test the bolts are subjected to double
shear by applying a compressive load to the plates (Fig. 18). As long as
the shear jig plate is reasonably stiff and nothing other than local yield-
-19-
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ing due to bearing occurs, any plate elongations other than those due to
bearing are negligible.
The load-deformation relationship for the two control tests are
shown in Fig. 18 for a typical A325 bolt lot. Extensive calibration tests
have shown that single bolts tested in plates loaded in tension had approxi-
mately 5 to 10% less shear strength than bolts loaded in plates under com-
pression(17). The relative merits of the two types of control tests are
discussed in greater detail in Ref. 17.
The results of the shear tests were used to develop the required
form of the fastener load-deformation (shear-deformation) relationship
shown schematically in Fig. 19. The relationship is esse'ntially linear
until inelastic deformations occur. Thereafter it becomes non-linear.
The ultimate shear strength is assumed to be approached in an asymptotic
manner, and the reduction in strength observed at final fracture is neg-
lected.
No analytical expressions are known to have been developed for
the elastic-inelastic load-deformation relationship of a fastener. For
the elastic region a linear relationship is usually assumed such as
R = K 6 (12)
The elastic constant K has usually been determined from experimental data.
Reference 18 gives a solution for the coefficient Kby assuming the
fastener to be a fixed-end beam. It is noted that such an analysis
violates several basic assumptions underlying conventional beam theory.
The deflection caused by shear, bending, and bearing was deter-
mined separately. Deflection was measured relative to a line passing
through the centroids of the end cross sections of fasteners, and shearing,
and bending deflections were found at the center of, the span. The bolt
bearing deformation was defined as a percentage of the bolt diameter. For
shear it was found that
-21-
(13)
for bending,
for bearing,
K = 2 (t+t')
-br Ett'
(14)
(15)
The localized bearing effect of the fastener on the plate was found to be
the same as Eq. 15. Hence, the constant K,in Eq. 12 was evaluated as
K 2 (16)=
Ks+l<b+2l<br
where E ::; modulus of elasticity,
Gb
;:::: shear modulus,
Ab = fastener area ::; TTd
2/4,
I b = moment of inertia = TTd
4/64,
t' thickness of lap plates, and
t = thickness of main plate.
Reference 19 suggested a means of approximating the load-de-
formation relationship for rivets by considering the load-deformation re-
lationship to be represented by two straight lines. The displacement 6,
between the main and lap plates was computed as being due to bending and
shear. The bearing deformations in the plate and rivet were approximated.
The total deformation is given by
-22-
+ 0.375 + 1.3 (1. + 1)] (17)
dE E t' t
Hence, K is given by bracketed term in Eq. 17. This is assumed to hold
for large diameter rivets which are stiff and do not bend appreciably.
For small diameter faste-ners the deformation is influenced by large bend-
ing deformations. It is expressed as
~ = R(3.6g+6.Sg3)
Ed (18)
where g is an empirical parameter. In order to obtain a coefficient giving
the correct order of magnitude of the deformation, an approximate relation~
ship is given as
~ :; ~ [6. 7+ O.8+ 2. 5]
E t' t d (19)
The parameters relating load and deformation are determined empirically.
However, the expression takes into account the geometrical properties of
the fastener and connected material. The relationship is valid only
below the limit of proportionality. The slope of the line representing
the elastic behavior is assumed to be 4 times as great as the line re-
presenting the inelastic behavior.
Equations 16 and 17 were. used to make an initial approximation
of the elastic constant K in Eq. 12. This in turn was used to help
evaluate the parameters for the analytical model developed.
2. ASSUMPTIONS
The criteria in the choice of the analytical expression des-
cribing the load-deformation relationship of a bolt in double shear are
the boundary conditions and the known experimental data. A number of vari-
abIes are known to influence the load-deformation relationship of the bolt
control test. Among these are: (1) the diameter of the bolt; (2) the
thickness of the lap plates; (3) the thickness of the main plate; (4) the
type or grade of steel plates; and, (5) the type of bolt. Reference 17
discusses each of these variables in detail.
The following assumptions are made for. the analytical relation-
ship developed herein. They are based in part on the behavior observed in
Fig. 18.
1. At zero loads the deformation is zero.
2. For small values of de~ormation the relationship between
load and· deformation is approximately linear.
3. As ~ approaches ~ 1 ' the bolt force increases at a de-
u t
creasing rate.
4. The deformation ~ contains the components due to shear,
bending, and bearing of the fastener as well as the
shearing deformation of the plates.
The ,following expression is selected because it satisfies these conditions
and because only one continuous function WaS necessary
-23-
where
(20)
= total deformation of bolt and bearing deformation
of the connected material,
~,~,A= regression coefficients, and
e = base of natural logarithm.
Equation 20 satisfies the boundary condition that requires the load to be
zero at a zero deformation.
If the function described by Eq. 20 is expanded in a Maclaurin's
-24-
series there is obtained if A is unity
f (6) + I II 1+ L
n! (21)
This series is convergent as long as ~~<l, For small values of ~ this con-
dition is satisfied and an approximate solution is obtained by considering
only the first term. Hence,
(22)
This is directly ana~ogous to Eq. 12 and the expressions used in Refs. 18
and 19. It also shows that Eq. 20 satisfies assumption 2.
The equation satisfies the experimentally observed behavior
shown in Fig. 18 because it allows the bolts force R to increase at a
decreasing rate as the ultimate shear strength of the bolt is approached.
3. EVALUATION OF PARAMETERS
The paramete'rs 'T, l-1, and A were evaluated by regression analysis
and the boundary conditions. Equation 20 was first linearized as
logR (23)
The coefficients log 'T and A were determined by the solution of the simul-
taneous least squares normal equations for the linear function given as
Eq. 23. It was necessary to as~ume severa'l values of l-L for the analysis
made on each type of control spe:cimen. Actual values of measured load and
the corresponding deformation as reported in Refs. 10 and 17 were used in
the analysis. An initial estimate of ~ could be determined using Eq. 16,
17, and 22. A best fit was obtained when the squared residuals were mini-
mized and the boundary condition R = R
u1t was satisfied. Hence, the co-
efficient 'T was found to be
~ = R
ult (24)
The parameter ~ varied for the different fasteners investigated. For
7/8 in. A325 bolts tested in one-inch A7 steel plates, the value is
approximately 18. For 7/8 in. A325 bolts tested in one-inch A440 steel
plates, the value is approximately 23. These values appear to be the
same for bolts tested in plates loaded in tension as well as plates loaded
in compression.
The parameter A, almost constant for the 7/8 in. A325 bolts and
A7 or A440 connected material, is approximately unity.
The final relationship for load-deformation or shear-deformation
is
-25-
(25)
where R 1 = Ultimate shear Strength.
u t
The average values of R 1 ' ~ and A are tabulated in Table 2 for typical
u t -
lots of bolts and rivets and compared to Eq. 25 in the next section.
The total deformation capacity ~ 1 for a given bolt and
u t
connected material is a function of the shear, bending, and bearing of the
bolt and the bearing deformation of the plates. As might be expected, this
will vary with the type of calibration test, the type of connected steel,
and the thickness of the gripped material. Values of ~ult are also tabu-
lated in Table 2.
4. COMPARISON OF COMPUTED AND EXPERIMENTAL RESULTS FOR SINGLE BOLTS
The two types of control shear tests are described briefly in
the previous articles. Additional information on the test methods and a
detailed description of the test specimens and test data are given in Ref.
-26-
17.
The test data for both types of control tests on A325 bolts in
A440 steel are plotted in Fig. 20 for the same bolt lot. Usually, three
different specimens were tested ~or each type of test made for each bolt
lot. The load-deformation data for 7/.8 in. A325 bolts in A7 steel is
given in Fig. 21. The type of calibration test' had little effect on the
parameters ~ and A. The predicted line is in good agreement with the test
data in Figs. 20 and 21.
The actual values of ~, R
ult ' and A for several bolt and rivet
lots are given in Table 2. The exponent A is affected only slightly by
the variations in the connected material properties and the specimen
geometry for 7/8 in. A325 bolts. The type of control test had little in-
fluence on the parameters ~ and A. Only the ultimate strength R 1 was
u t
affected as described earlier. Apparently the coefficient ~ was mostly
affected by the type of connected material.
It is believed that the parameters ~ and A can be related to
the physical and geometrical properties of the plate and bolt. Thus addi-
tional studies are desirable if a generalized expression is to be developed.
The total deformation capacity of the fasteners is less in the
higher strength steels because the bearing deformation in the plate is
less. However, this disadvantage is offset by the more favorable redistri-
bution of the joint load which occurs among the A325 bolts in higher
strength steels(3).
5. SUMMARY
.Analytical expressions for the stress-strain relationship '0£ a
plate with holes and for the shear-deformation relationship of rivets and
high-strength bolts have been developed. Both expressions are necessarily
applicable to the elastic and inelastic regions.
The analytical expressions for the plate with holes can be
adapted to changes in the geometrical configuration as well as differences
in the yield point and ultimate strength. The analytical model was com-
pared with tests of plate specimens having two drilled holes" Among the
variables checked were plate width, pitch or distance between th,e centers
of the holes, plate thickness ,and grade of steel. 'The analytical model
adequately responded to changes in geometry and material properties.
A continuous function was used to represent the load-deformation
characteristics of a single bolt in shear. The shape of the curve was
governed by the ultimate shear strength and two empirical parameter's.
These parameters were found to vary for different fasteners and different
types of connected material"
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Table 1.
GEOMETRY AND TEST RESULTS OF PLATE CALIBRATION SPECIMENS
Dimension of Calibration Coupon Tens. Tens.
Str.of Str.of
Pl.Cal. St.Bar
Spec. Steel Thic'kness Gage Pitch Hole Dia. Coup. Coup.
t,in. g,in. p,in. dw,in. ksi ksi
A7-1 A7 0.580 4.94 3.50 0.94 64.7 63.9
A7-2 " 0.619 " " " 65.5 65.2
A7-3 " 0.697 " " " 67.0 64.7
A7-4 " 0.760 " " II 68.1 65.3
A7-5
"
0.800
" " "
67.1 63.5
A7-6 " 0.878 " " " 67.9 63.7
7031 " 1.001 2.92 " II 63.0 60.0
7041 " 1.001 3.58 " " 61.7 "
7051 " 1.003 4.24 " 11 61.2 "
7061 " 1.004 4.90 II " 61.5 11
7071 " 1.002 5.56 11 " 60.4 "
7081 " 1.001 6.22 11 " 60.2 "
7091b " 1.002 6.88 " II 60.2 tI
709ic " 1.002 " 2.50 II 62.8 "
7091d n 1.001 " 4.50 " 61.5 II
7091e " 1.002 " 6.00 " 61.9 "
PE41~ A44a 1.001 3.32 3.50 fI 81.9 76.0
PE41b " 1.002 3.32 " " 81.9 11
PE71 11 1.001 5.14 11 " 79.2 II
PEIOI II 1.004 6.94
" " 80.1 "
PE131 " 1 .. 001 4.85 " 11 78.4· I'
PE161 11 1.002 5.74 " " 80.1 II'
-.
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Table 2.
SuMMARY OF TEST RESULTS AND ANALYSIS OF MECHANICAL FASTENERS
Type Lot Dia. Type Test Ult.Str. U1t. Empirical
Bolt or Conn. Jig Rult Def. ' Parameters
Rivet in. MatI. kips 6u1. t,in. ~ A
A325 8A 7/8 A440 Tension 98.6, 0.187 23 1.00
Bolts SA 7/8 A440 Compression 102.3 0.200 23 1.00
8B 7/8 A440 Tension 92.5 0.200 25 0.95
8B 7/8 A440 Compression 104.0 0.239 22 1.00
H 7/8 A440 Tension 95.2 0.220 22 1.00
H 7/8 A440 Compression 103.0 0.236 22 1.00
C 7/8 A7 Tension 98.5 0.238 18 1.00
C 7/8 A7 Compression 106.9 0.291 18 1.00
D 7/8 A7 Tension 101.8 0.279 18 1'.00
D 7/8 A7 Compression 102.5 0.300 18 1.00
A354BC CC 7/8 A440 Tension 103.7 0.178 20 0.40
Bolts CC 7/8 A514 Tension 101.1 0.137 25 0.40
DC 1 A440 Tension 138.2- 0.212 20 0.50
DC 1 A514 Tension 131.5 0.156 25 0.50
A354BD ED 7/8 A440 Tension I 123.9 0.174 25 0.40
Bolts ED 7/8 A514 Tension 123.2 0.113 25 0.40 .
FD 1 A440 Tension 157.7 0.248 21 0.50
GD 7/8 A440 Tension 122.4 0.173 23 0.50
GD' 7/8 A514 Tension 123.4 0.152 25 0.35
A490 KK. 7/8 A440 Tension 124.4 0.202 23 0.40
Bolts JJ 1 A514 Tension 151.7 0.155 28 0.35
A141 DR 7/8 A7 Compression 60.0 0.220 19 1.00
Steel
Rivet
AS02 HR
I
7/8 A440 Tension 77.2 0.195 16 0 •. 45
Grade 2 ,
!
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